We study nonleptonic decays of the orbitally excited, SU(6) 70-plet baryons in order to test the hypothesis that the successes of the nonrelativistic quark model have a natural explanation in the large-N c limit of * carone@huhepl.harvard.edu † georgi@huhepl.harvard.edu ‡ kaplan@huhepl.harvard.edu § morin@huhepl.harvard.edu QCD. By working in a Hartree approximation, we isolate a specific set of operators that contribute to the observed s-and d-wave decays in leading order in 1/N c . We fit our results to the current experimental decay data, and make predictions for a number of allowed but unobserved modes.
Introduction
In the nonrelativistic quark model (NRQM), the baryon resonances can be classified by their transformation properties under nonrelativistic SU (6) the same s-wave ground state. In baryons of higher spin, however, the spin-spin and spin-orbit interactions might significantly deform the quark wavefunctions away from the s-wave. Ref. [6] shows that this physical picture is consistent with the results of Dashen, Jenkins, and Manohar. The Hartree potential, at least in principle, can be computed using the part of the multiquark Hamiltonian that transforms trivially under spin and spatial rotations acting separately on each of the quark wavefunctions.
The remaining piece of the Hamiltonian can then be included perturbatively. In this formulation of the problem, the spin-flavor symmetry appears at lowest order in the 1/N c expansion, and the corrections are suppressed by powers of S/N c , where S is the baryon spin. Again, the approximate spin-flavor symmetry can be understood as a consequence of large-N c , for baryons with small total spin.
One of the difficulties with the large-N c picture of baryons is that the spin and flavor structure of the large-N c baryons is not simply related to the spin and flavor structure of the N c = 3 baryons, because the number of quarks is not the same.
This has caused considerable confusion in the literature. Part of the value of the Hartree picture is that it suggests a calculational scheme for applying large-N c ideas to the observed baryon resonances with N c = 3 [6] . The first step is to categorize the relevant multiquark operators by their order in the 1/N c expansion. This is not completely trivial, since an operator that is summed over the O(N c ) quarks in the baryon state may have an effect that is as important as that of an operator that is formally of lower order, if the terms in the sum add coherently. Assuming that we have isolated the correct set of multiquark operators, we can then apply them to the baryon states, defined with N c = 3. In this way, we avoid the problem of extracting our predictions from large-N c baryon wavefunctions, which have quantum numbers that are different from those of the baryons in the real world.
In this paper, we show how to apply these ideas to nonleptonic decays of the orbitally excited baryons in the SU(6) 70-plet [9] . In the Hartree language, these are states with N c − 1 quarks in the ground state of the Hartree potential, and one quark in an orbitally excited state. In contrast with the early work done on this problem, our large-N c arguments lead us to select a very specific set of pion-baryon interactions. Furthermore, there is an important difference between these couplings and those discussed by Dashen, Manohar, and Jenkins for the 56. In that case, the leading contribution in large-N c is identical to the NRQM prediction (this is related to the fact that the matrix element of the axial vector current is proportional to N c ).
However, the dominant decays of the 70 involve the coupling of pions between the 70 and the 56. These matrix elements do not grow with N c . The leading large-N c result then includes additional terms beyond those suggested by the NRQM. Thus we can use our analysis as a test to distinguish between the NRQM and large-N c . This was one of the motivations of the current work. We hoped to see evidence that the additional terms included in the large-N c analysis were necessary to get an adequate description of the decays. This would have been strong evidence that large-N c has something to do with the success of the NRQM. What we found instead is that the extra terms are not necessary. This result is inconclusive, in the sense that the coefficients of these terms could be small even if the large-N c counting is correct. But the analysis suggests that there may be more to the NRQM than large-N c .
In the next section, we review the 56 and 70 SU (6) representations of the baryons, as well as their analogues for large N c . We identify the crucial fact that leads to additional terms in the large-N c analysis (the mathematical details are reserved for Appendix A). In Section 3, we discuss our formalism in more detail and present the set of leading operators. In Section 4 we describe our best fit to the ℓ = 1 baryon decays. In Section 5, we present our conclusions. The technical details of our fits to the known s-wave and d-wave decay widths are presented in Appendix B.
In Appendix C, we make predictions for the decay modes that have not yet been observed and for the modes that have not been measured precisely.
Preliminaries
In this section, we will review the basic elements from [6] that we later use to fit the decays of the ℓ = 1 baryons. A more detailed discussion of these ideas will appear in the next section.
We assume that we can describe the large-N c baryon states in a tensor product space of the spin-flavor indices of the N c valence quarks, as in the NRQM. Thus our baryons have the spin-flavor and angular momentum structure of representations of nonrelativistic SU(6)×O(3). We emphasize that we are not assuming SU(6)×O(3).
We are not even trying to make sense of this as a symmetry group. Rather, we believe that the assumption follows from a much milder smoothness hypothesis. The The question is, what happens to these approximately degenerate multiplets as the quarks become light? The thing to notice is that at the bottom of each multiplet (i.e. for states with small total spin), the splittings between neighboring states are not only suppressed by powers of 1/m q , but also by powers of 1/N c . Thus, barring some phase transition that leads to a discontinuous change in the nature of the baryon states, we expect the bottom of each spin-flavor multiplet to be well-described in the same tensor product space that works at large m q . In other words, the NRQM states should be appropriate.
This argument breaks down at the top of the spin-flavor multiplets, where the baryon spin is of order N c and the splittings between neighboring spin states are of order Λ QCD for small quark mass. Thus we expect a partial spin-flavor symmetry to survive for small quark mass in large-N c . It is not an approximate symmetry in the usual sense, because symmetry breaking effects cannot be ignored on any multiplet.
Nevertheless, because the dimensions of the multiplets go to infinity as the small parameter (1/N c ) that characterizes the symmetry breaking goes to zero, we can derive reliable predictions at one end (for small spin) of the multiplets even though the symmetry is badly broken at the other. In particular, this argument justifies the use of the NRQM tensor product states to describe the low-spin baryon states for large-N c .
While the argument above is theoretically interesting, it leads to one of the many ambiguities in applying large-N c arguments to N c = 3. How do we identify states near the "top" and "bottom" of the multiplets for N c = 3? We will ignore this potential difficulty below and use the expressions we derive for the entire baryon multiplets.
But we should not be surprised if our results become less reliable as the baryon spin increases.
NRQM versus Large-N c
Let us now review in more detail the proposal of [6] for counting powers of N c . We will do this for matrix elements of operators between baryon states (the operators could be interpolating fields for mesons), ignoring flavor symmetry breaking for simplicity.
The procedure is simple:
1. In the spin-flavor space of the NRQM for the baryon states of interest, write down the most general flavor-conserving expression for the matrix element.
2. Assign each term in the expression a power of N c given by the largest possible power that can appear on the low spin states. This is most conveniently determined by simply looking at Feynman diagrams contributing to the matrix element, making appropriate assumptions about the N c dependence of individual quark matrix elements.
Among the Feynman graphs that contribute to the matrix element is a sum over all quarks of single-quark matrix elements. This has the spin-flavor structure of the NRQM. In all examples we know of, this gives a contribution to the leading N c dependence. The reason that the suggestion above is nontrivial is that while multiquark diagrams are suppressed by powers of 1/N c , their effects can be enhanced by coherent contributions from the sum over the N c quarks. This can give additional contributions of the same order in N c as the NRQM but with a different spin-flavor structure.
The possible different spin-flavor structures on quark lines can be divided into four classes:
1. Constant terms -these always sum coherently over the quarks, but the result has no spin-flavor structure and therefore is not interesting. This can also add coherently; in fact, we show in Appendix A that the SU (6) quadratic Casimir operator,
on any finitely excited large-N c baryon state. Thus, generically, some spin-flavor matrix elements grow like N c .
As an example of a one-quark contribution, consider the couplings of the vector mesons, ρ and ω, to the nucleon states. Both couplings grow with N c , but they are dominated by different contributions. The contribution to the ω matrix element is the flavor coupling (in relativistic notation), 6) while the leading contribution to the ρ coupling is the spin-flavor coupling,
The spin-flavor coupling dominates for the ρ coupling because the isospin matrix element is small for low-spin states, and thus the flavor coupling does not grow with N c . This is an example of what, in the Skyrme literature, is called the I t = J t rule [5, 10] . Examples in which multiquark operators contribute at leading order in N c will appear in the next section.
Formalism
We are interested in studying the one-pion decays of 70-plet baryons to baryons in the 56. While there are also 70 → 70 decays, we will not consider them in this paper.
The decays to states in the 56 are generally favored by the kinematics, and indeed few 70 → 70 modes have been observed in experiment. In the Hartree language, the part of the interaction Hamiltonian that is of interest to us can be written
where O is the pion coupling to the axial-vector quark current.
Eq. While it is much too difficult for us to compute the Hartree potential in a baryon composed of light quarks, we still can learn a great deal by studying the symmetry structure of (3.1). As we argued earlier, it is plausible to represent the small-spin Thus, we can replace these matrix wavefunctions by c-numbers
where r = | r|. Note that the Hartree potential is a collective phenomenon and to leading order is unaffected by the excitation of a single quark. This accounts for the equality shown in (3.2). In the 70 state, the excited quark has one unit of orbital angular momentum, so we know the form of its spatial wavefunction:
where f (r) is a spin-flavor independent c-number. In (3.3) we have chosen to express the l = 1 spherical harmonics in terms of the vectors ε m , which are given by
Thus, (3.1) is the integral of the operator O times the product of 2N c spherically symmetric functions, times r · ε m .
We can formally perform the integrals once we have specified the symmetry structure of the operator O. In the more familiar relativistic notation, the pion-quark coupling is given by
where the λ a are SU(3) generators. In the Hartree basis, the piece of the pion-quark coupling that contributes to baryon decays in the s-wave has the form
which, after integration, gives us a one-body interaction that is leading in 1/N c a λ
where a is an unknown coefficient. The * under the spin and flavor matrices indicates that each acts only in the subspace of the orbitally excited quark. Recall that a purely one-body interaction must act on the excited quark line, or there would be no way to change its orbital angular momentum. The spin-flavor structure of the operator in (3.7) is consistent with the predictions of the NRQM.
We can also write down a number of operators that are subleading in 1/N c that involve two quark lines. However, we will only include two of these in our subsequent numerical analysis:
Our motivation for retaining these operators is that the sum over λ a σ in the case of (3.8) and the sum over λ a in the case of (3.9) can both be coherent on low-spin states, and thus the matrix elements can be of order 1, rather than order 1/N c . This follows from the argument in Appendix A. Thus we will take our leading s-wave operators to be those given in (3.7), (3.8), and (3.9), which we will call operators A, B, and C respectively.
Arguments analogous to those that we have used to arrive at the operators responsible for the s-wave decays can also be used to determine the operators responsible for decays through the d-wave. (Note that the decay channels in which the pion has odd orbital angular momentum are forbidden by parity.) The leading one-body operator is given by
We also have two-body operators in the d-wave channel with the same kind of sum that we encountered in (3.8)
There is also a third two-body operator involving the cross-product ( σ x × ε m ) which
is not linearly independent of the two operators that we show above. Finally, there is a d-wave operator analogous to (3.9)
Thus, we will retain (3.10), (3.11), (3.12), and (3.13) as our set of leading operators in considering the d-wave decays, and refer to them as operators D, E, F , and G.
All that remains is to evaluate our chosen set of operators between the baryon states, constructed in the (2f ) Nc -dimensional spin-flavor space. While the 56 wavefunctions can be represented as completely symmetric, three-index SU(6) tensors, we
found it more convenient to use a six-index notation in which the spin and flavor of each quark are labeled separately. To represent the 70 states in the most economical way, we add only two new indices -one which labels the orbital angular momentum state of the excited quark, and another which tells us which quark of the three is orbitally excited. We then check that these spin-flavor-orbital angular momentum representations of the states are eigentensors of
. ., with the desired eigenvalues. To compute matrix elements, we first act on n quark indices in the initial baryon state with the desired n-body operator, and sum over the possible combinations; this is equivalent to summing over the quark lines. We then compute the inner product of the result with the tensor representing the final baryon state. In the next section, we use matrix elements computed in this way to determine the partial widths
, used in our fit of the observed s-wave and d-wave nonleptonic decays.
Fit
We must now decide precisely which physical quantities we will fit, and select the corresponding experimental data. In addition, we must arrive at estimates of both the experimental and theoretical uncertainties. The experimental results we will use are the masses, total decay widths, and branching fractions given in the 1992 Review of Particle Properties (RPP) [11] . We use the experimentally measured masses, rather A major problem that we encounter in studying the decay widths is that the errors in the experimentally determined values of amplitudes at resonance are often severely underestimated. As a result, one frequently is presented with two or more mutually inconsistent values for a given decay channel. The RPP's approach is to select a few experimental papers that are considered to be relatively trustworthy, and then to produce an estimated range of values that is consistent with most or all of these results. A consequence of this approach is that the uncertainty in the RPP's estimate of a decay width is generally greater than the error quoted in any of the experimental papers from which the estimate is derived. It seems to us that this procedure is safer that the alternative, which is to select one experimental result for each decay width and then fit our parameters to that number, ignoring conflicting experimental results.
Of course, the large uncertainties found in the experimental data place a limit on the precision with which we can extract the underlying parameters.
The values which are generally measured experimentally are the amplitudes at resonance √ Γ i Γ e /Γ tot , from which one can determine the corresponding branching ratios Γ i /Γ tot , provided the elasticity Γ e /Γ tot is known (Γ e is the partial decay width to the initial state particles used to produce the resonance). Unfortunately, the RPP usually provides estimates for the branching ratios, but not for the amplitudes at resonance. Therefore, it is the branching ratios which we fit in our analysis.
Usually this is not a problem, as the uncertainty in the elasticity is reasonably small.
In a few cases, however, the elasticity is not very well known, and the uncertainty propagates to all of the decay fractions for that initial state (the Σ(1750) resonance is an example). For consistency, we do not try to produce estimates of the amplitude in these situations; instead, we fit the decay fractions just as we do elsewhere. Finally, we do not attempt to fit those decay channels for which the RPP does not give an estimate; however, predictions for these decay modes do appear in Appendix C.
As far as estimates of experimental error are concerned, ranges such as 10 − 20%
are interpreted as 15±5%, upper bounds such as < 10% are converted into 5±5%, and estimates such as ≈ 0.1% are interpreted as 0.1 ± 0.1%. We adopt this scheme simply as a convention, and not because we believe that any of the probability distributions are actually gaussian, with the associated standard deviations. We have found that the precise choice of scheme for treating the experimental data does not significantly affect our results.
In addition to fitting the known decay fractions, we simultaneously fit the total width for each resonance for which at least one decay channel has been measured. In other words, the quantity we minimize is
The quantities Γ (pred) tot are free to vary, whereas the partial widths Γ (pred) i are functions of our parameters, namely the coefficients of the leading 1/N c operators and the mixing angles. The alternative to this procedure is to hold the total width for each resonance constant at some best value, and to fit partial widths rather than decay fractions, combining the uncertainties in the total width and in the decay fraction to obtain an uncertainty in the partial width. The former approach is preferred because any uncertainty in a total width Γ (exp) tot is only included once, no matter how many decay channels are measured for that resonance. As for the data on total widths, we again use the RPP. Just as for the decay fractions, the RPP's estimates for total widths are quoted as ranges. Again, we use the midpoint of the range as our best value, and use half the size of the range as our estimate of the uncertainty.
Another issue to be considered is uncertainty in the masses of some of the 70-plet states. For example, the N(1700) mass range is quoted as 1650 to 1750 MeV. These uncertainties are more important for d-wave decays than for s-wave decays, because the d-wave kinematic factor is more sensitive to the initial state mass. In either case, decays which occur near threshold are more affected by the precise value of the mass than those which occur far from threshold. For the purpose of fitting the data, we ignore this uncertainty, and simply use the 'best' estimate of the mass quoted in the RPP. However, as we will see in Appendix C, this possible source of error must be taken into account in our decay predictions. → Σ * π -6.7 10.0 ± 2.8 Table 1 : (continued)
Note that the estimates for the different decay fractions of a given resonance are not really independent of each other, even though we treat them as such for the purpose of the fit. At the end, we must check that our predicted values for both measured and unmeasured decay widths, together with measured non 56-pion decay widths, add up to the full width to within the allowed uncertainties. In cases where the non 56-pion decays are poorly known, we must at least ascertain that the predicted 56-pion decay fractions sum to a number less than unity. Further details are discussed in Appendices B and C.
In Table 1 Table 1 is the smallness of parameters b and c relative to a and of parameters e, f , and g relative to d. This will be discussed further in the following section.
Conclusions
We have shown how to compute the leading one-pion decay amplitudes for the orbitally excited, 70-plet baryons in the large-N c limit. By working in a Hartree approximation, we arrived a specific set of operators that are responsible for decays through the s-wave and d-wave channels. While the fits we obtained to the current experimental data were not necessarily better than those obtained by others using different methods, our results have the advantage of following more directly from the underlying physics in a well-defined limit of QCD.
A striking feature of our results is the suppression of the two-body operators, B, C, E, F , and G. Since these operators are one higher order in the 1/N c expansion than
A and D, we expected a relative suppression in their coefficients, compensated by an enhancement in the matrix elements. The interesting point is that this suppression was generally much greater than a factor of N c = 3. The two-body operators that we retained all involved a sum over quark lines which we argued should lead to an enhancement of order N c . However, the values of b, c, e, f , and g that we obtained
in the fits were so small that the matrix elements of the two-body operators are suppressed even when the sums over quark lines are coherent.
One possible conclusion from this result is that there is something more to the success of the NRQM for baryons than large-N c . Perhaps somehow, in spite of the fact that the quarks are not really heavy, they act in the process of ℓ = 1 baryon decay as if they were. A N c Dependence of Spin-Flavor Generators
In this section we derive (2.5). The Casimir operator can be written
where the T α are the SU(2f) generators, normalized so that
in the defining, 2f dimensional representation. Rather than computing the Casimir operator directly in other representations, R, it is easier to compute the quantity
Then C 2 can be obtained as follows:
where D(R) is the dimension of the representation, R. Thus, for example, in the defining representation, the Casimir operator is
The crucial step in obtaining (2.5) is to calculate T (R) for the completely symmetric representation of Figure 1 . Let us call this representation {N c }. We will calculate the trace of the square of a generator that is the analogue of λ 8 for SU(2f),
Then we can compute the trace by noting that in {N c }, there are
states with k indices having value 2f , on each of which the value of
This gives
in agreement with (2.5).
The reason that (2.5) is correct for any finitely excited baryon state is that the order N More precisely, note that (A.9) implies
for any fixed ℓ as N c → ∞. Note further that we can determine T (R) for any finitely excited baryon state by starting with the representations, {N c − ℓ}, and using the recursion relations
The point is that the Clebsch-Gordon decomposition in (A.11) does not change C 2 to leading order in N c because T ({N c − ℓ}) is higher order in N c than D({N c − ℓ}).
for any fixed r. Then the standard rules of Clebsch-Gordon decomposition can be used to establish (2.5) for any representation obtained from {N c − ℓ} by adding a finite number of boxes.
B Fits of known decay data

S-wave decays
We first consider decay channels that are pure s-wave, that is, where both the 70 and Our conventions for the mixing angles are as follows. One angle (θ N 1 ) is needed to specify the spin-1/2 nucleon states:
where our convention for the pure SU(6) states on the right hand side is that the first subscript is twice the total quark spin of the baryon state, and the second is twice 
→ NK 32.5 ± 9.9 32.6 32.6 32.4 32.5 
where we use the abbreviation c Λ11 = cos(θ Λ11 ), etc. Finally, because we have decay data for only one of the three physical spin-1/2 Σ states, only two mixing angles (θ Σ11
and θ Σ12 ) are needed:
Our conventions for all of the mixing matrices and angles are such that if the RPP assignments of the 70-plet states in the quark model were correct, all the mixing matrices would be diagonal and all of the angles would equal 0 (in our fit, we have in fact chosen all of the angles to lie in the interval [0, π)).
As discussed in Section 3, we expect three operators A, B, and C to contribute Tables 2-4 for comparison with experimental data. We present in Tables 6-8 the spin-1/2 N, Λ, and Σ mixing matrices corresponding to the various solutions, along with associated uncertainties.
We note from Table 5 In Table 3 , we see that the most obvious difference between fits #1,2,4,6 and fits #3,5,7,8 is that the latter predict a smaller partial width for Λ(1670) → Λη. Table 6 : Spin-1/2 nucleon mixing matrix 
−0.14 ± 0.12 −0.56 ± 0.11 0.81 ± 0.09 −0.07 ± 0.20 −0.81 ± 0.08 −0.58 ± 0.12 0.99 ± 0.03 −0.13 ± 0.20 0.07 ± 0.12 
−0.14 ± 0.12 −0.56 ± 0.11 0.81 ± 0.09 0.80 ± 0.09 −0.55 ± 0.12 −0.24 ± 0.11 0.58 ± 0.13 0.62 ± 0.10 0.53 ± 0.14 Table 7 : Spin-1/2 Λ mixing matrices
−0.41 ± 0.14 −0.62 ± 0.09 0.67 ± 0.11 0.76 ± 0.08 −0.64 ± 0.09 −0.13 ± 0.15 0.50 ± 0.14 0.46 ± 0.12 0.73 ± 0.11
0.19 ± 0.14 −0.92 ± 0.04 0.34 ± 0.09 0.85 ± 0.11 −0.02 ± 0.14 −0.53 ± 0.17 0.49 ± 0.16 0.40 ± 0.09 0.77 ± 0.13 1.00 ± 0.02 −0.10 ± 0.14 0.06 ± 0.19 = 0.34 ± 0.11 −0.81 ± 0.16 0.47 ± 0.27 Table 8 : Spin-1/2 Σ mixing matrices
In Table 4 , we notice that the main problem with Σ(1750) decays is to obtain a reasonable value for the Ση channel.
D-wave decays
The same procedure is followed as for the s-wave decay rates. Here, we only fit those decays which are pure d-wave, that is, we omit spin-3/2 to spin-3/2 decays (these will be discussed in Appendix C). Our conventions for the mixing angles of the spin-3/2 states are analogous to those for the spin-1/2 states. For the nucleons,
For the Λ states,
Here Λ(??) is the unidentified spin-3/2 70-plet Λ state, orthogonal to Λ(1690) and Λ(1520). Although the physical state has not been identified, we can make predictions for its decay widths into the allowed 56-pion channels, provided that we make a reasonable guess at its mass. Finally, only one of the spin-3/2 Σ states has been identified, and we parametrize it as follows:
For the spin-1/2 nucleon pure d-wave decays (for which only upper bounds are known), we use the mixing angle obtained by fitting the s-wave decays, namely
The coefficients of the operators D, E, F , and G together with the six new mixing angles, combine to give us ten parameters. With 25 decay fractions to be fitted, there are 15 degrees of freedom. The best fit has χ 2 = 36.0. As with the s-wave decays, although the coefficients d, e, f , and g are reasonably constrained by the fitting procedure, there are several solutions for the mixing angles, all of which have a value of χ 2 close to the minimum value. We obtain two solutions for the spin-3/2 nucleon mixing matrix, four solutions for spin-3/2 Λ mixing, and two solutions for the Σ(1775) state. All the solutions for the three coefficients and the six mixing angles are tabulated in Table 13 . The corresponding spin-3/2 mixing matrices are found in Tables 14-16 . The calculated decay fractions for each set of parameters are presented in Tables 9-12 , together with the corresponding experimental data.
We see from Table 13 that the coefficients e, f , and g are strongly suppressed relative to d, which is consistent with what we found for the s-wave decays. Comparing predicted and experimental branching fractions, we see that a large part of the total χ 2 comes from the Λ(1520) → NK decay. Σ(1775) → NK also seems strongly enhanced relative to our predictions.
C Decay predictions
In this appendix we predict the partial widths for all of the remaining kinematically allowed one-pion decays. We display a different set of predictions corresponding to each of the fits presented in Appendix B.
While it was more convenient for us to work with branching fractions in the previous section, here we present our results directly in terms of partial widths. The Table 14 : Spin-3/2 nucleon mixing matrices errors we present for these predictions are a combination of the uncertainties in the parameters given in Tables 5 and 13 , and the uncertainties in the masses of the initial states. The latter have a large effect on our predictions for the decays that are near threshold, due to the momentum dependence of the squared amplitudes. For decays very near threshold, we are able to obtain only an upper bound for the partial width.
In Tables 17-22 , we list the decay predictions, the total decay widths Γ Among our predictions are six decays that can proceed through both the s-and dwave channels. (We will refer to these as s+d-wave decays.) Three of these have been measured reasonably well, while the others are either poorly known or unobserved.
We have chosen not to include the former three in our fits in Appendix B, to simplify our analysis. In principle, a proper treatment would require fitting the pure s-wave, the pure d-wave, and the s+d-wave decays simultaneously. Instead we simply check in this section that the predictions for the three measured s+d-wave decays are in reasonable agreement with the experimental results.
Decays involving no mixing angles
We first consider predictions of the partial decay widths that do not involve mixing angles. The unmixed initial states are the spin-1/2 ∆(1620), the spin-3/2 ∆(1700), → Σ * π 25 ± 17 < 0.7 22 ± 15 2.1 ± 1.6 Table 17 .
The ∆(1700) → ∆π is one of the s+d-wave decays that have been adequately measured. Our prediction of 271 ± 126 MeV is compatible with the RPP's value of (.45 ± 0.1) × (300 ± 100) MeV if we take the partial width to lie at the lower end of the predicted range. Analysis of the dependence of our prediction on the various parameters suggests that the c parameter should take its value at the bottom of the range given in Table 5 .
Nucleon decays
All the kinematically allowed spin-1/2 N decays have been included in Appendix B.
Predictions for the spin-3/2 nucleons are shown in Table 18 . The N(1520) → ∆π is another of the three known s+d-wave decays. The RPP's value (.22±.08)×(122±13)
MeV for its partial width strongly favors fit #1. Furthermore, the RPP's partial wave analysis of this decay is consistent with fit #1, but incompatible with fit #2. Therefore we conclude that fit #1 has the correct mixing angle.
The N(1700) → ∆π is the third of the known s+d-wave decays. Our fit #1
prediction of 180 ± 74 MeV is large compared to the RPP's value of (.38 ± .32) × (100 ± 50) MeV. However, if we adopt a value of the N(1700) full width that is just within the RPP's upper limit, while also using the smallest prediction for the N(1700) → ∆π width consistent with our range of error, we obtain a branching fraction that is in reasonable agreement with experiment. This increase in the total decay width still allows good fits for the N(1700) → Nπ and N(1700) → ΛK decay fractions (see Table 10 ). If we had included the N(1700) → ∆π decay in the fits in Appendix B, the only substantial change would have been an increase in the N(1700) predicted full width.
Lambda decays
There are four allowed spin-1/2 Λ decays, listed in Table 19 . The one measurement in the RPP for the Λ(1670) → Σ * π width, 6 ± 3 MeV, is somewhat larger than our predictions, and favors fits #1 and #6. Of the six spin-3/2 Λ decays shown in Table 20 , four involve the unobserved Λ state which is orthogonal to the Λ(1520) and Λ(1690). To compute the decay widths of the unobserved state, we made a reasonable guess at its mass based on the nucleon-lambda splitting found in other multiplets.
The mass we adopted was 1850 ± 50 MeV. The four widths involving the unobserved state have large errors in part because there are no known decays to fit the mixing angles more accurately, and in part because there is a large uncertainty in the mass.
Sigma decays
Three spin-1/2 Σ decays are listed in Table 21 , and one spin-3/2 Σ decay in Table 22 . Since we know only two out of the three θ Σ mixing angles for both the spin-1/2 and spin-3/2 Σ's (see Tables 8 and 16 ), we know the orientation in the 3-dimensional mixing space for only one spin-1/2 Σ (the Σ(1750)) and only one spin-3/2 Σ (the Σ(1670)). We therefore can not make any predictions concerning the spin-1/2 Σ(1620), or the three unobserved Σ states.
In Table 22 , fit #2 for the spin-3/2 Σ's does not appear to be acceptable; the Σ(1670) → Σ * π branching fraction, combined with the branching fractions in Table 12 , yields a sum greater than unity. Fit #1, however, is consistent with the data available in the RPP. 
